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ABSTRACT

Co-occurrence of injection drug use (IDU) and hepatitis C virus infection (HCV) is common in
people living with HIV (PLWH) and leads to significantly increased mortality. Epigenetic clocks
derived from DNA methylation (DNAm) are associated with disease progression and all-cause
mortality. In this study, we hypothesized that epigenetic age mediates the relationships between
the co-occurrence of IDU and HCV with mortality risk among PLWH. We tested this hypothesis in
the Veterans Aging Cohort Study (n=927) by using four established epigenetic clocks of DNAm
age (i.e., Horvath, Hannum, Pheno, Grim). Compared to individuals without IDU and HCV (IDU-HCV
-), participants with IDU and HCV (IDU+HCV+) showed a 2.23-fold greater risk of mortality
estimated using a Cox proportional hazards model (hazard ratio: 2.23; 95% confidence interval:
1.62-3.09; p = 1.09E-06). IDU+HCV+ was associated with a significantly increased epigenetic age
acceleration (EAA) measured by 3 out of 4 epigenetic clocks, adjusting for demographic and
clinical variables (Hannum: p = 8.90E-04, Pheno: p = 2.34E-03, Grim: p =3.33E-11). Furthermore,
we found that epigenetic age partially mediated the relationship between IDU+HCV+ and all-
cause mortality, up to a 13.67% mediation proportion. Our results suggest that comorbid IDU with
HCV increases EAA in PLWH that partially mediates the increased mortality risk.

ARTICLE HISTORY
Received 17 November 2022
Revised 6 April 2023
Accepted 19 April 2023

KEYWORDS

Injection drug use; Hepatitis
C virus; epigenetic age
acceleration; mortality;
mediation effect

Introduction . . .
disease outcomes. Epigenetic age can serve as

Injection drug use (IDU) is the principal risk fac-
tor for hepatitis C virus (HCV) due to the sharing
of needles and significantly contributes to HIV
infection [1-5]. Evidence shows that IDU
increases mortality for people living with HIV
(PLWH) and a substantial proportion of IDU-
associated mortality is due to co-infection with
HCV [6]. HCV infection can lead to liver disease
that may manifest as cirrhosis, liver failure, and
hepatocellular carcinoma. The comorbid IDU with
HCV infection (IDUHCV) further worsens HIV
disease progression and increases the mortality
risk. Thus, it is important to establish a biological
measure as a proxy for an earlier stage of the

a functional indicator for infectious disease and
predicts frailty and mortality among PLWH [7,8].

Recently developed epigenetic ‘clocks’ employ
DNA methylation (DNAm), mainly measured
using the blood-nucleated cell methylome, as
a proxy of the ageing process [9]. To date, more
than a dozen epigenetic clocks have been developed
that serve slightly different purposes. Four clocks
have been extensively applied to assess the potential
impacts of lifestyle and disease on biological ageing.
The ‘Horvath’® clock (Horvath) interrogates 353
CpG sites that estimate the epigenetic age of most
tissues and cell types in the human body [10]. The
‘Hannum’ clock (Hannum), comprised of 71 CpG
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sites, measures the epigenetic age specifically in
blood and does not generalize well to other tissues
[11]. The ‘Pheno’ clock (Pheno) including 513 CpG
sites is significantly associated with healthspan and
lifespan [12]. The ‘Grim’ clock (Grim) is
a composite biomarker based on the seven protein-
based surrogates of DNAm and a DNAm-based
estimator of smoking pack-years using 1030 CpG
[13]. These clocks have been applied to detect bio-
logical age in a variety of medical and psychiatric
conditions [14,15]. For example, PLWH have been
shown to age 5 to 10years older compared to
healthy individuals [15-17]. Using a monocyte
DNAm-based clock, we recently reported a 10- to
15-year epigenetic age acceleration (EAA) among
PLWH [15]. Interestingly, evidence suggests that
epigenetic age seems reduced or slowed down fol-
lowing antiretroviral therapy [18,19], indicating that
other comorbid conditions or risk factors such as
IDU and HCV could contribute to a further accel-
eration of epigenetic age among PLWH.

Previous studies have shown that both IDU and
HCV are associated with aberrant DNAm. Hyper-
and hypo-methylation of multiple genes among
persons infected with HCV have been reported
[20-26]. Aberrant DNAm has also been proposed
as a biomarker for HCV-associated hepatocellular
carcinoma [22-24]. Compared to individuals who
are neither IDU nor infected with HCV, we pre-
viously reported six differentially methylated CpG
sites associated with IDU among persons living
with HIV and HCV co-infection [27]. The CpG
sites associated with IDUHCV were found in
genes involved in inflammatory functions. As
increased inflammation is a hallmark mechanism
of the ageing process, epigenetic clocks derived
from DNAm may serve as an indicator of the
biological outcomes of IDUHCV among people
living with HIV. Furthermore, a previous study
showed that epigenetic age measured by the
Horvath clock increased age acceleration among
participants with HCV infection with liver fibrosis
or HIV co-infection compared to persons without
either viral infection [28]. However, the relation-
ships among IDUHCYV, epigenetic age, and mor-
tality remain undefined.

In this study, we examined the mortality risk of
IDUHCV among PLWH. Using the four estab-
lished clocks (i.e., Horvath, Hannum, Pheno,

Grim), we tested whether IDUHCV increased
EAA. We then conducted a mediation analysis to
quantify the effects of IDUHCV on mortality
explained by epigenetic age. Given a high preva-
lence of IDU and HCV among PLWH, it is impor-
tant to investigate the individuals who have
comorbid IDU and HCV (IDU+HCV+) compared
to samples without IDU or HCV infection (IDU-
HCV-) as an initial step towards establishing the
relationship of individual effect of IDU and HCV
on epigenetic age. Here, we aimed to examine
whether IDUHCV accelerated biological age and
tested a potential mediating role of epigenetic age
acceleration in IDUHCV -associated mortality risk.
However, it is important to note that the study
design did not directly assess the impact of drug
use (i.e., cannabis, cocaine, stimulant, and opioid
use) on epigenetic age for those with HIV and
HCV coinfection.

Methods
Population characteristics

The Veterans Aging Cohort Study (VACS) is
a longitudinal, prospective, and multisite observa-
tional cohort study of US veterans that includes
PLWH [29]. Biospecimens including DNA sam-
ples derived from whole blood were collected in
a subset of the cohort. In this project, we profiled
DNAm for 927 PLWH samples (n=414 IDU
+HCV+ and n=513 IDU-HCV-). A majority of
PLWH (63.7%) were virally suppressed on antire-
troviral therapy (ART). Survival data were
obtained from medical records. Demographic and
clinical characteristics are summarized in Table 1.

DNA methylation, data quality control (QC), and
epigenetic clock measures

Epigenome-wide CpG methylation was profiled
using either Illumina HumanMethylation450
BeadChip (450K) (San Diego, CA, USA) (57.2%
of the sample) or Illumina HumanMethylation
EPIC BeadChip (EPIC) (San Diego, CA, USA)
(42.8% of the sample) in VACS. All samples were
processed at the Yale Center for Genomic Analysis
[27]. The same QC criteria were used as in our
previous studies [27,30,31]. We retrieved
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Table 1. Demographic and clinical characterizations.

Variable IDU+HCV+ (414) IDU-HCV- (513) P-value
age 53.04 +£5.44 50.17 £9.39 8.20E-09
BMI 24.92 +4.02 26.49 +4.89 1.02E-07
In(PEth) 2.01+1.87 1.78 +1.69 6.80E-02
alcohol (AUDIT-C) 3.52+2.85 3.22+256 1.73E-01
log10VL 2.63+1.15 2,67 £1.25 6.29E-01
survival years 737 £2.85 8.34+1.93 7.46E-09
sex (male) 100% 100% NA
race (AA) 83.33% 80.70% 3.39E-01
smoking 69.85% 48.02% 1.77E-09
ART adherence 76.01% 79.91% 2.30E-01
cannabis 87.84% 68.39% 2.10E-10
cocaine 91.60% 52.07% 1.08E-33
stimulant 60.10% 23.95% 3.15E-33
opiate 78.22% 21.96% 3.00E-68

NOTE: In(PEth): natural logarithm of phosphatidylethanol, an objective measure of alcohol

consumption.

AUDIT-C: Alcohol Use Disorders Identification Test-Consumption, first three questions of the

Alcohol Use Disorders Identification Test.
VL: viral load.

race: self-reported race/ethnicity; AA: African American.

ART adherence: adherence to antiretroviral therapy.

Cannabis, cocaine, stimulant, and opiate use in the VACS cohort were based on self-reported.

Welch's two-sample t-test was used to compare means between two groups; chi-square test
was used to compare percentages between two groups.

P-values<0.05 are shown in bold.

methylation raw data using the minfi R package
(version 1.18.1) and all probes were normalized.
Methylation-inferred sex agreed with self-reported
sex (100% of the sample was male).

Epigenetic age was estimated using four epige-
netic clocks, the Horvath [10], Hannum [11],
Pheno [12], and Grim [13] clocks. EAA was defined
as the residuals of regressing epigenetic age on
chronological age, which was applied to test the
mediation effect on the relationship between
IDUHCYV and mortality risk [10,14]. We also calcu-
lated the mean difference in EAA between IDU
+HCV+ and IDU-HCV- and denoted it as the med-
ian difference of EAA (MDgan).

Statistical Analysis

The workflow diagram is presented in Figure 1 Age,
self-reported race/ethnicity, body mass index (BMI),
smoking status, and alcohol consumption were con-
sidered as covariates and were adjusted in each model.
Smoking status was assessed by self-report and
grouped by smoker and non-smoker. Alcohol con-
sumption was assessed by measuring phosphatidy-
lethanol (PEth) levels, a biomarker for alcohol use [32].

IDUHCV survival analysis among PLWH

Using survival analysis, we tested the total effect of
IDUHCV on all-cause mortality in 927 PLWH.
The proportional hazard assumption was tested
prior to the application of Cox regression analysis.
Then, the Cox proportional hazards regression
survival analysis was performed to investigate the
hazard ratio (HR) of IDUHCYV on all-cause mor-
tality, adjusting for relevant covariates [33,34]. The
following model was wused to calculate the
adjusted HR:

K
h(t[X,Cy,...,Ck) = ho(t) exp| axX + > axCx
k=1

where the h(t) hazard function is determined by

X,Cy,...,Cx; X is the independent variable
IDUHCV and C,k=1,...,K is the k™ covari-
ate; ay and ai,k=1,...,K denote the effect
size of IDUHCV and covariates in step 1,

respectively. The HR was calculated by
exp(ax). The Z-test (Z:%~N(O,l)) was
used to determine if the value of ayx differs
significantly from 0.
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Step 1. The total effect.
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Step 3. The effect of the mediator on the dependent variable.
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Not at all ‘ Full mediation ‘

IDUHCV (X)

All-cause mortality (Y) ‘

Figure 1. The workflow of mediation analysis. IDUHCV: comorbid injection drug use with hepatitis C virus status. EAA: Epigenetic

Age Acceleration.

Association between IDUHCV and EAA

The following linear model was applied to test the
association between IDUHCV and EAA after
adjusting for relevant covariates:

f(M|X7 Gy, .. 'JCK) :ﬁo +ﬁMX+Zﬂka
k=1

where M denotes the mediator EAA; 8, and f§,,
k=1,...,K denotes the effect size of IDUHCYV in
step 2, adjusting for the same covariates as men-
tioned above. The t-test was used to conduct
hypothesis tests on the regression coefficients
obtained in linear regression. That is, we tested
Hoy: B, =0 Vs. B 70 using t-test

T = SE[Z—gM) ~t(n — 2), where n is the sample size.

Mediation effect of EAA on IDUHCV associated
all-cause mortality

We simultaneously tested the effects of the med-
iator (EAA quantified by each of the four epige-
netic clocks) and the independent variable
(IDUHCV) on the dependent variable (mortality).

Cox proportional hazards regression survival ana-
lysis was used to investigate the HR of IDUHCV,
the potential mediators (EAA), and relevant cov-
ariates on all-cause mortality. We used the follow-
ing model to calculate the adjusted HR:

h(t‘X, M, Cl, ey CK) = ho(t) exp

K
Y X+ 1M+ Y9G
k=1

where y,, y,, and y,k=1,...,K, denote the
effect size of IDUHCV, EAA, and relevant covari-
ates in step 2, respectively. We use p, and p, to
denote the p-values for testing coefficient y, and
Y respectively.

We estimated various quantities for causal
mediation analysis, meaning that we compared
the direct to the indirect effect, allowing us
additional insight into the data. The effect size,
ax, in step 1 was defined as the Total Effect TE
in the mediation analysis (TE = ay). The effect
size, yy, in step 3 was defined as the average



Direct Effect (DE =yy). We also defined the
Indirect Effect (IE, average causal mediation
effect) as the multiplication of f,, in step 2
and y,, in step 3 (IE=pf,,xy,). The
Proportion of Indirect Effect (Pjg, the propor-
tion mediation effect of the independent variable
on the dependent variable that goes through the
mediator, also called mediation proportion) was

1 X
defined as Pjz = % — ﬁMaXVM.

For the potential mediating effect of EAA for
each epigenetic clock that was significantly asso-
ciated with IDUHCV in step 2, we further inves-
tigated whether it was a full mediation or partial
mediation effect. If p, >cutoff and p, < cutoff,
indicating a full mediation effect; If p, < cutoff,
Py, <cutoff, andyy <ay, that is, the effect of
IDUHCV on mortality became smaller when add-
ing the EAA as a mediator compared with the
model not including EAA, indicating a partial
mediation; otherwise, there was no mediation
effect.

Moderation effect of EAA on relationship between
IDUHCV and all-cause mortality

For the potential mediators, we further analysed the
moderation effect. Rather than mediation analysis
attempting to show that a variable is the channel
through which independent variable influences
dependent variable, moderation analysis attempts
to show that a variable changes the relationship
between independent variable and dependent vari-
able. We used the following model to further
accompany the test for the moderation effect.

h(t|Xa M, Cy,. .., CK) = hO(t) €xp

K
<6XX + OuM + SxuXM + > 6kck>
k=1
where 6x, 0, and 8, k=1,...,K, denote the
effect size of IDUHCV, EAA, and relevant covari-
ates, respectively. A significant dxy; coefficient sig-
nals the presence of a moderating effect or
interaction effect [35,36].

Results

As shown in Table 1, most participants were self-
reported African American, and all were male.
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Participants who were IDU+HCV+ were older
than those who were IDU-HCV- (t-test p=
8.20E-09). All participants were PLWH on ART.
There was no significant difference in the HIV-1
plasma RNA viral load between the two groups
(chi-square test p=2.30E-01). Compared to the
IDU-HCV- group, participants in the IDU+HCV
+ group had a higher proportion reporting cigar-
ette smoking and higher rates of drug use includ-
ing cannabis, cocaine, stimulant, and opioid use
(P-value<2.10E-10).

IDUHCY increases the risk of all-cause mortality
among PLWH

Kaplan-Meier curves showed that the group
with comorbid IDU+HCV+ was associated
with lower survival probability compared to
the IDU-HCV- group (Figure 2a). After adjust-
ing for covariates (i.e., age, self-reported race/
ethnicity, BMI, smoking status, alcohol con-
sumption), the HR of IDUHCV was 2.23 (95%
CIL: 1.62-3.09; p = 1.09E-06) (Table 2). Of note,
self-reported race/ethnicity, BMI, smoking sta-
tus, and alcohol consumption were not asso-
ciated with all-cause mortality after adjusting
for multiple tests.

IDUHCV is associated with EAA

EAA measured by three of the four epigenetic clocks
showed a significant association with IDUHCV
adjusting age, self-reported race/ethnicity, BMI,
smoking status, and alcohol consumption as covari-
ates (Table 3). Each of the three clocks (i.e., Hannum,
Pheno, Grim) showed an increased EAA. Median
differences in EAA between the two groups were
1.36 years for the Hannum clock, 2.02 years for the
Pheno clock, and 4.16 years for the Grim clock.
Figure 2b shows the comparisons of EAAs from
three clocks between IDU+HCV+ and IDU-HCV-.
We found no significant association of Horvath EAA
with IDUHCV.

Epigenetic ageing mediates the association of
IDUHCV with all-cause mortality

We estimated the proportion of IDUHCV on all-
cause mortality that was explained by epigenetic
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Figure 2. The results of mediation analysis. a. Kaplan-Meier curves of IDU+HCV+ and IDU-HCV-. b. Comparison of estimations of
Epigenetic Age Acceleration (EAA) between IDU+HCV+ and IDU-HCV-. c. Mediation effect of EAA of IDUHCV on all-cause mortality.
IDU+HCV+: People who Inject Drugs Use also co-infected with Hepatitis C Virus; IDU-HCV-: People who without Injection Drugs Use

and without Hepatitis C Virus infection.

Table 2. Cox proportional hazards regression analysis for assessing the asso-
ciation of comorbid injection drug use with hepatitis C virus (IDUHCV) with

survival rate.

Variable HR lower.95 upper.95 p
IDU+HCV+ 2.23 1.617 3.085 1.09E-06
age 1.04 1.019 1.065 2.08E-04
race (AA) 1.34 0.853 2.089 2.06E-01
BMI 0.95 0914 0.988 1.01E-02
smoking 1.33 0.960 1.847 8.60E-02
In(PEth) 1.00 0.918 1.083 9.47E-01

NOTE: race: self-reported race/ethnicity; BMI: Body Mass Index.
In(PEth):natural logarithm of phosphatidylethanol, an objective measure of alcohol

consumption.

Table 3. Association between comorbid injection drug use with hepatitis C virus
(IDUHCV) and Epigenetic Age Acceleration (EAA) among people living with HIV.

Method Beta 95% Cl p MDgaa
EAAMorvath -0.13 (~1.030, 0.766) 7.74E-01 —-0.42
EAAMannum 1.53 (0.632, 2.430) 8.90E-04 1.36
EAApheno 1.79 (0.640, 2.932) 2.34E-03 2.02
EAAG:im 3.22 (2.283, 4.155) 3.33E-11 4.16

NOTE: Adjusted variables include age, self-reported race/ethnicity, body mass index, smoking

status, and alcohol consumption.
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Table 4. Result of Cox proportional hazards regression analysis for assessing the association
between EAA and survival rate with adjustment for the comorbid injection drug use with
hepatitis C virus (IDUHCV) status and covariates (age, self-reported race/ethnicity, body mass

index, smoking status, alcohol consumption).

Variable coefficient HR lower.95 upper.95 p

EAALorvath 0.01 1.01 0.99 1.04 3.85E-01
IDUHCV 0.80 2.23 1.61 3.08 1.15E-06
age 0.04 1.04 1.02 1.06 2.28E-04
race 0.30 1.36 0.87 213 1.83E-01
BMI —0.05 0.95 0.91 0.99 9.51E-03
smoking 0.30 1.35 0.97 1.87 7.65E-02
In(PEth) —-0.01 0.99 0.91 1.08 8.62E-01
EAANannum 0.03 1.03 1.00 1.06 2.80E-02
IDUHCV 0.76 2.15 1.55 2.98 4.52E-06
age 0.04 1.04 1.02 1.06 1.77E-04
race 0.34 1.41 0.90 2.21 1.36E-01
BMI —-0.05 0.95 0.92 0.99 1.70E-02
smoking 0.29 1.33 0.96 1.85 8.58E-02
In(PEth) —-0.01 0.99 0.91 1.07 7.27E-01
EAAbheno 0.03 1.03 1.01 1.05 9.86E-03
IDUHCV 0.76 2.14 1.54 2.96 4.80E-06
age 0.04 1.04 1.02 1.06 2.59E-04
race 0.30 1.34 0.86 2.10 1.96E-01
BMI —0.05 0.95 0.92 0.99 1.34E-02
smoking 0.23 1.26 0.90 1.75 1.74E-01
In(PEth) -0.01 0.99 0.91 1.07 7.36E-01
EAAGrim 0.03 1.03 1.01 1.06 1.17E-02
IDUHCV 0.70 2.01 1.44 2.80 3.72E-05
age 0.04 1.04 1.02 1.07 1.40E-04
race 0.19 1.21 0.77 191 4.07E-01
BMI —0.05 0.95 0.92 0.99 1.90E-02
smoking 0.14 1.15 0.81 1.62 4.43E-01
In(PEth) —-0.01 0.99 0.91 1.07 7.79E-01

NOTE: EAA: Epigenetic Age Acceleration of the four epigenetic clocks (i.e., Horvath [EAAyovanl, Hannum

[EAAHannum], Pheno [EAAphenol, GHim [EAAG im)-
race: self-reported race; BMI: Body Mass Index.

In(PEth):natural logarithm of phosphatidylethanol, an objective measure of alcohol consumption.

ageing via mediation analysis (Table 4). The aver-
age Direct Effect (DE) was obtained by Cox pro-
portional hazards regression (DEpannum = 0.76,
PDE Hannum — 4.52E — 06; DEppeno = 0.76,
PDE,Pheno = 4.80E — 06; DEg,i, = 0.70,
PpEGrim = 3.72E — 05). The Indirect Effect (IE)
was estimated from the linear model in step 2
and the Cox proportional hazards regression in
step 3 (IEHannum = 0.04; IEpy.,,, = 0.05;
IEGsim = 0.11). All three clocks showed partial
mediation effects (Figure 2c). We also calculated
the Proportion of Indirect Effect for each of the
three epigenetic clocks  (Prg gannum = 5.54%;
PIE,Pheno = 604%, PIE,Grim = 1367%) We further
examined the moderation effect of these three
potential mediators. These three clocks did not
show a significant moderation effect or interaction
effect, which further confirmed the partial media-
tion effects of these three clocks between IDUHCV
and all-cause mortality.

Discussion

In this study, we demonstrated that IDUHCV sig-
nificantly increased EAA among PLWH which
contributed to the increased risk of all-cause mor-
tality. We found that IDU+HCV+ had a 2.23-fold
higher mortality risk than IDU-HCV-. PLWH
with IDU+HCV+ showed an average of up to
4.16 years acceleration compared to the IDU-
HCV- group. Importantly, we identified that the
impact of IDUHCV on mortality risk was
mediated in part by EAA. Our findings provide
new insights, which deepen our understanding of
the relationship of IDUHCV on mortality among
PLWH.

The underlying mechanisms of IDUHCV asso-
ciated with EAA have not been previously under-
stood. DNAm alterations of the genes involved in
the ageing process may play an important role in the
age acceleration among IDU+HCV+. Inflammation is
one of the hallmarks of ageing and DNAm alterations
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to inflammatory genes contribute to age acceleration
and age-related diseases [37]. We previously reported
that hypomethylation of the promoters of NLRCS5,
TRIM69, and HLA-E was associated with IDU
+HCV- compared to IDU-HCV- individuals [27].
We also identified six differentially methylated
regions in the major histocompatibility complex.
Dysregulation of these genes could lead to disruption
of immune functions and changes in inflammasomes.
For example, NLRC5 is a negative regulator of the
Nuclear Factor Kappa B (NF-kB) signalling pathway-
mediated inflammatory response [38].
Hypomethylation of the NLRC5 promoter region
results in an increase in gene expression that may
reduce the inhibitory effect of NLRC5 on inflamma-
tion. Thus, the alteration of DNAm in the inflamma-
some among IDU+HCV+ in PLWH likely results in
an increase of EAA due to chronic inflammation that
eventually leads to the increased mortality risk. These
findings add new knowledge about the potential con-
sequences of maladaptive DNAm due to high-risk
behaviours in the setting of HCV and HIV infections.
Early detection of EAA may provide a window of
opportunity to slow down the epigenetic clock by
changing the behaviour and treating HCV infection.
Our findings provide evidence that an increased
mortality risk among individuals with IDU+HCV+
among PLWH is partially mediated by EAA. The
mediation effect varies among three estimators, each
of them accounting for 5.54% (Hannum), 6.04%
(Pheno), and 13.67% (Grim) risk of IDUHCYV affect-
ing all-cause mortality, respectively. It is worth noting
that the mediation effects of EAA varied among dif-
ferent epigenetic clocks used, with Grim clock show-
ing the largest mediation effects compared to other
clocks. Furthermore, a recent study also showed that
Grim had the higher mortality discrimination when
compared to the other three clocks [39]. This discre-
pancy may be due to the different sets of CpG sites
selected in each clock and their respective utilities.
The Hannum and Horvath clocks were built on the
CpGs to optimize the prediction of chronological age
[10,11], while the CpGs in Pheno and Grim clocks
aimed to predict a multi-system proxy of physiologi-
cal dysregulation [12,13]. The Hannum clock was
developed from whole blood, while the Horvath
clock was built from multi-tissues and cell types.
Additionally, the EAAs estimated by Pheno clock

and Grim clock had the largest mediation proportions
as both clocks were developed using a Cox penalized
regression model that treated mortality hazard as the
outcome.

Our results highlight the mediating role of epige-
netic ageing in the IDUHCV -associated mortality risk
when compared to non-biological risk factors. The
clinical factors may be associated with mortality, but
do not provide evidence to have mediation effect
between IDUHCV and all-cause mortality. For
instance, the Grim clock, which showed 13.67% med-
iation effect between IDUHCV and morality risk, was
constructed by selecting CpG sites associated with
seven proteins that have been linked to morbidity
and mortality (i.e., adrenomedullin, beta-2-microglo-
bulin, cystatin C, growth/differentiation factor-15,
leptin, plasminogen activator inhibitor 1, and tissue
inhibitor metalloproteinases 1), as well as smoking
pack-years. These proteins are associated with
immune function and inflammatory process. For
example, beta-2-microglobulin (B2M) is associated
with the major histocompatibility complex (MHC)
class I heavy chain and has been linked to mortality
risk in people living with HIV [39-41]39. Several
studies have shown that smoking-associated DNA
methylation features are predictive of mortality risk.
Thus, while the mediation effects of epigenetic clocks
are small to moderate, our results provide insights
into the dysregulation of the protein that contributes
to IDUHCV associated mortality risk among people
living with HIV.

Of note, even though epigenetic age was
strongly associated with all-cause mortality and
the epigenetic age mediates the effect of
IDUHCV on mortality risk, a large proportion
of IDUHCV-related mortality risk remains uni-
dentified. One possibility is mortality due to
overdose among a proportion of intravenous
drug users, which may confound the effect of
EAA. The direction of confounding could be
either negative or positive, but regardless, prior
study of the association of the impact of IDU on
EAA [40] suggests that the differences in EAA
between the IDU+HCV+ and IDU-HCV- groups
are not due solely to HCV infection. Secondly,
the established clocks are mostly derived from
heterogeneous cells, which have a limited capa-
city to accurately measure organ age acceleration



[41]. Tissue/cell type-specific epigenetic clocks
are warranted to improve the measurement of
epigenetic age effects on mortality among those
with IDU+HCV+. Epigenetic clocks including
liver enzymes will be helpful in the future.

Several limitations should be considered when
interpreting the current findings. Our study was
mainly focused on IDU+HCV+ and IDU-HCV-
groups because there were only 273 (21.7%) par-
ticipants of IDU-HCV+ and 42 (3.3%) partici-
pants of IDU+HCV- in the study sample. We
lack statistical power to detect the effect of IDU
or HCV alone on epigenetic age. To further
understand the synergic effects of IDU and HCV
on epigenetic age among PLWH, further work is
needed to include four group comparisons: IDU
+HCV+, IDU-HCV+, IDU+HCV-, and IDU-
HCV-. Secondly, epigenetic age estimation was
based on cross-sectional DNAm data. The results
reflect a snapshot of the ageing process.
Longitudinal epigenetic age estimation may pro-
vide more insights into the mediation role of
epigenetic age on risk behavioural contribution
to mortality. As discussed earlier, the epigenetic
clocks we applied were calculated using whole
blood samples that are not the best indicators of
cell or organ age. Future analyses using cell-type-
specific epigenetic clocks may shed new light on
the biological mechanisms.

Conclusion

Our study found evidence of an association
between IDUHCYV and all-cause mortality in peo-
ple living with HIV, which was partially mediated
by epigenetic age acceleration. These findings pro-
vide new insights into the role of epigenetic age in
how IDUHCYV affects all-cause mortality. Further
evaluation of these potential biomarkers is war-
ranted to deepen our understanding of the rela-
tionship between epigenetics and mortality in
people living with HIV.
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